Achieving effective treatment of deep-seated tumors is a major challenge for traditional photodynamic therapy (PDT) due to difficulties in delivering light into the sub-surface. Thanks to its great tissue penetration, X-rays hold the potential to become an ideal excitation source for activating photosensitizers (PS) that accumulate in deep tumor tissue. Recently, a wide variety of nanoparticles have been developed for this purpose. The nanoparticles are not only designed as carriers for loading various kinds of PSs, but also can facilitate the activation process by transferring energy harvested from X-ray irradiation to the loaded PS. In this review, we focus on recent developments of nanoscintillators with high energy transfer efficiency, their rational designs, as well as potential applications in next generation PDT. Treatment of deep-seated tumors by using radioisotopes as an internal light source will also be discussed.
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Scintillating nanoparticles; Photodynamic therapy; X-ray activatable nanoparticles; Photosensitizer; Radiosensitizer; Cerenkov radiation; Cancer therapy; Energy mediator; Scintillator Photodynamic therapy (PDT) is a noninvasive technique that is approved for the treatment of carcinoma. 1 In PDT, a photosensitizer (PS) is activated by a specific wavelength of light to generate reactive oxygen species (ROS), including singlet oxygen ( 1 O 2 ), which is considered a major toxic agent. 2, 3 To make PDT most effective, the light must be efficiently delivered to the PS. Lasers and light-emitting diodes (LEDs) are light sources that are commonly used in PDT, though in some cases halogen and arc lamps can also be used. However, most PSs, such as porphyrin derivatives, absorb in the ultraviolet or visible regions which overlap with the tissue absorption spectrum. 4, 5 This makes it difficult to apply PDT in the clinic due to the short penetration depth of illumination light, which leads to ineffective treatment of tumors located deep under the skin.
A potential solution to the limitation of PDT for deep tumor treatment is developing nearinfrared (NIR) photosensitizers. Due to the weak scattering and absorption of most tissue chromophores, including oxyhemoglobin, deoxyhemoglobin, melanin, and fat in the NIR window, only light in the range of 700-1100 nm can penetrate deep into the tissue. 6 Unfortunately, one of the major challenges in the field is finding a suitable PS that can absorb light with a wavelength longer than 700 nm. Current PSs that have been extensively studied are phthalocyanine dye, which has a maximum absorption around 650-700 nm, and heptamethine dye, which has a maximum absorption around 650-850 nm. 7, 8 However, for practical applications, NIR light can still only penetrate 5 mm into the tissue since enough energy needs to be reserved for PS activation. 9 Moreover, reduced 1 O 2 generation efficiency has been reported by using NIR-activated PSs due to the narrow energy gaps and the faster non-radiative transition rate (when compared with that of wide-band photosensitizers). 10, 11 The growth of nanotechnology in the fields of biology and medicine presents versatile opportunities to overcome the limitations associated with the traditional strategies of PDT by combining multiple approaches in a unified one-piece therapeutic strategy. 12, 13 A current strategy that has been widely explored is using nanoparticles (NPs) as PS carriers to improve passive and active targeting ability. [14] [15] [16] [17] For passive targeting, NPs tend to have long circulation times and concentrate more in tumor evironments compared to normal tissues due to the enhanced permeability and retention (EPR) effect. 18, 19 For active targeting, the surface of NPs can contain modified various targeting ligands, such as an antibody or antibody fragments, that recognize specific surface receptors on tumor cells to enhance the uptake of the NPs. [20] [21] [22] [23] [24] [25] Therefore, the use of NPs is promising to improve the therapeutic efficacy in deep tissue. For example, upconversion nanoparticles (UCNPs) that can be excited by NIR light (e.g. 980 nm) and emit UV-visible (Vis) light have been reported for activating PSs for an enhanced therapeutic efficacy. 14, 26, 27 Another methodology used to achieve deeper tissue penetration is through utilizing an NIR laser as the light source. Even with this advancement there is still room for further improvement of the penetration depth and the generation efficacy of 1 O 2 . 28 to high-Z elements can produce a cascade of low-energy Auger electrons that can locally enhance the effective radiation dose. Another method to provide radiation dose enhancement is to use dense inorganic nanoparticles. The enhancement then depends on the composition and size of the particles, uptake of particles into cells, and the energy of the applied radiation. Scheme 1 shows the possible outcomes that occur when X-rays interact with metal. Among these, scattered X-rays/photons, photoelectrons, Compton electrons, Auger electrons, and fluorescence photons are the most relevant to cancer radiotherapy. It is also worthy to mention that fluorescent emissions from atoms hit by X-rays can be beneficial for molecular imaging and PDT purposes.
Spatial resolution is an important characteristic for molecular imaging modalities and should be addressed as it pertains to X-rays. Spatial resolution refers to the minimum distance where the imaging modality can differentiate two independently measured objects. 37 The lower the spatial resolution, the more details can be obtained from the resulting image. For example, optical imaging is a highly sensitive technique but does not offer good spatial resolution except for super-resolution imaging techniques, where spatial resolution can be improved to 10 nm. 38 However, super-resolution imaging techniques are still not widely used in clinical applications. In comparison, X-ray imaging has recently been developed to offer very high spatial resolution (sub-30 nm) [39] [40] [41] which is useful for many medical applications. [42] [43] [44] [45] X-ray Sensitive Nanoprobes for Biomedical Imaging X-ray computed tomography (CT) is widely used to image anatomy with high spatial resolution, but its sensitivity is not high enough to use in molecular imaging. 46 However, in the past decade, X-ray luminescence imaging has been proposed as an imaging modality for biological imaging applications. [47] [48] [49] This has been proposed partially due to the recent development of phosphor nanoparticles (PNPs), which opens possibilities to utilize X-rays for molecular imaging purposes in vivo. PNPs that luminesce NIR light upon becoming excited via X-ray photons have been developed for imaging. 50, 51 The distinct combination of the high sensitivity radioluminescent nanoparticles and the high spatial localization of collimated X-ray beams make this technique even more useful in molecular imaging.
In X-ray imaging, X-ray luminescence computed tomography (XLCT) and X-ray fluorescence computed tomography (XFCT) are two emerging technologies that provide functional and molecular imaging capabilities. 47 Both modalities use external X-rays to stimulate secondary emissions, either in the form of light or secondary X-rays, which are acquired for tomographic reconstruction. These modalities exceed the current sensitivity of present X-ray imaging technologies, leading to the potential of utilizing X-rays to reveal molecular imaging information. Moreover, these integrations break through the spatial resolution limits of other in vivo molecular imaging modalities. 48, 49, 52 doped P-dots was observed upon X-ray irradiation (50 kVp and 30 mA) leading to potential use in XLCT imaging. Two possible mechanisms of X-ray induced emission have been proposed: direct and indirect excitation of the Ir(III) complex. For direct activation, the complex was excited via X-ray beams then emitted visible light. For the indirect mechanism, a combination of excitons formed in P-dots generated a triplet excited state of the polymers, and after receiving a photon from the X-rays, the energy was transferred to the Ir(III) complex to emit light. However, more physical and biological studies need to be conducted in order to confirm the mechanism hypothesis, examine toxicity, and further support the effectiveness of this system. Lanthanide-doped nanoparticles have a high atomic number and proper electronic energy states. They can emit photons in the UV, visible, and NIR regions, and have been considered to be a suitable choice for scintillating materials since they emit visible photons when irradiated with γ-or X-rays. 56 Great efforts have been devoted to developing nanophosphors for X-ray luminescence optical tomography (XLOT) applications. [57] [58] [59] Recently, NaGdF 4 -doped Eu 3+ nanoparticles were synthesized and studied systematically for applications in Xray excited luminescence. 60 The Gd 3+ -Eu 3+ host-dopant combination is considered to be the best combination for a down-conversion system because the emission energy transitions within Gd 3+ can resonantly couple to the excited state of Eu 3+ ions. Among nanomaterials that have been reported so far, NaGdF 4 :Eu 3+ NPs claim to be the most efficient X-ray excited luminescence phosphor. 60 The NaGdF 4 :Eu 3+ NPs were synthesized by the citrate method, 61 and the crystal structure was found to be both hexagonal and cubic, measuring 30 nm in size. Upon X-ray irradiation, the hexagonal phase showed two times stronger luminescence than the cubic phase and the emission intensity was found to be pH dependent, which is a unique effect that has not been seen before with UV excitation. Although coating NPs with a gold layer affected the overall emission, it did not affect the most important 5 D 0 → 7 F 4 NIR line (692 nm) emission, maintaining the ability of the gold-coated nanoscintillator to be used for XLOT.
Another interesting study is to use X-ray sensitive NPs to monitor drug release in the target cells, which was completed using Gd 2 O 2 S:Tb radioluminescent nanocapsules. In this study, the nanocapsules were used for carrying a hydrophilic drug, Doxorubicin (DOX), while the release kinetics of the drug were also monitored. 62 Transmission electron microscopy (TEM) images showed the average length of the capsules to be 420 ± 20 nm with a width of 130 nm ± 15 nm. Styrenesulfonate sodium (PSS) and poly(allylamine hydrochloride) (PAH) were decorated on the nanocapsules as polyelectrolytes in the pH-controlled release systems. Upon X-ray excitation, the luminescence spectrum changed during the release of the optically absorbing DOX chemotherapy drug. The release rate could be monitored in situ by tracking the ratio of radioluminescence spectral peaks. The use of this nanosystem was further demonstrated in vivo. Furthermore, a maximum tolerated dose study indicated no morbidity or weight loss was observed at doses up to 400 mg/kg. This technique is advantageous over the other optical techniques that used external excitation sources because the X-rays can penetrate deeper in the tissue. Thus, tissue absorption and scattering will not interfere with the luminescence signal.
X-ray excitation of other luminescent nanomaterials, such as metal-organic frameworks, 63 gold nanoclusters, 59 and radioluminescent nanophosphors, 64 has also been studied. However, most generated emission spectra were similar to the traditional optical excitation with high tissue autofluorescence background. The development of X-ray excitable nanoprobes with bright near-infrared luminescence could provide a solution to this problem. For example, X-ray activatable rare-earth doped nanoprobes (REs) have recently shown great promise for shortwave infrared (SWIR or NIR-II, NIR window range 1000-2300 nm) molecular imaging. 65 NaYF 4 nanoparticles were doped with two different rare-earth elements, ytterbium (Yb) and erbium (Er). Both Yb and Er doping play important roles in SWIR emission. Under X-ray excitation, NaYF 4 : Er,Yb showed characteristic SWIR emissions peaking at 1532 nm (observed by SWIR detector). Biodistribution studies showed most of this material was accumulated in the liver, with some in the spleen and the lungs, due to their large size and possible aggregation in vivo. Also, the PEG-modified NPs were capable of X-ray-induced SWIR luminescence (X-IR) imaging for mapping lymphatic drainage at resolutions that are sufficient to identify individual nodes (Figure 1 ).
X-ray Induced Photodynamic Therapy
To overcome the limitation of tissue-penetration depth in traditional PDT, researchers introduced X-ray as a promising light source that can deliver light to the hidden tissue. However, no conventional photosensitizer can directly absorb X-ray radiation for generating 1 O 2 . Over the past few years, nanoparticles have been developed to not only be the carriers for photosensitizers, but also act as energy transducers. 12, 13 The combination of radiation therapy and PDT could potentially provide an improved therapeutic outcome for deep-seated cancer.
Principle of X-ray Activatable Nanoparticles for PDT
The principle of X-ray activatable nanoparticles for PDT is presented in Scheme 2. After the nanosensitizer systems have accumulated at the tumor site, X-rays will be given to stimulate the encapsulated metal to generate emission light. The emission light can then be harvested for activating the nearby PS for X-ray induced PDT. Wide band-gap materials are employed for the transformation of the X-rays to UV/visible photons. The conversion of X-ray energy occurs within 1 ps. A cascade interaction of high energy photons with the ScNP's lattice occurs through the photoelectric effect and the Compton scattering effect, in which many electron-hole pairs are created and thermalized in the conduction and valence bands, respectively. Subsequently, electrons and holes, which eventually create excitons, migrate through the material. Repeated trapping at defects in the material may occur, and energy losses are probable due to nonradiative recombination as well as other mechanisms. The recapture of the charge carrier in the material forbidden gap can introduce considerable delay in the migration. This recapturing stage is the least predictable as material point defects, flaws, surfaces, and interfaces can introduce energy levels into the forbidden gap and strongly modify or degrade otherwise high intrinsic scintillation performance. The final stage, luminescence, consists of consecutive trapping of the electron and hole at the luminescence center followed by their radiative recombination. 30, 31 At the same time, the luminescence (energy) from the ScNPs will activate the nearby PS leading to 1 O 2 generation, which is very toxic to the cells.
In PDT, there are two types of reactions that occur after the PS absorbs energy. 66 Electrons from the ground state (S 0 ) are transformed to singlet-excited states (S 1 ). Some of the absorbed energy will be released via intersystem crossing (ISC), and the promoted electron will move to a triplet-excited state (T 1 ), which has a relatively long half-life. Then, this excited triplet electron can undergo two kinds of reactions (Scheme 2b). In the type I pathway, the electron directly reacts with a substrate, i.e. cell membrane or a molecule, to form radicals that can interact with oxygen to produce reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ), hydroxyl radicals (·OH), and oxygen radicals (·O 2 ). Alternatively, in the type II pathway, the triplet electron directly transfers the energy to triplet oxygen ( 3 O 2 ) nearby to form a highly ROS ( 1 O 2 ). Both Type I and Type II reactions can occur simultaneously, and the ratio between these processes depends on the type of PS used and the concentrations of substrate and oxygen; however, in most cases the PDT often occurs via the type II pathway. Moreover, PDT is only effective in a proximal area of ROS production since 1 O 2 has a very short half-life in biological systems (< 40 ns). 67 Currently, there are some PSs that have good clinical outcomes in oncology, and many of these are commercially available. 68 Porfimer sodium (Photofrin ® ) is a hematoporphyrin derivative known as the earliest clinical PDT agent. This agent is available from Axcan Pharma and has been approved for treatment of several diseases, including cancers of the esophagus, lung and bladder. Although this PDT agent can be activated at 630 nm, it requires extended irradiation from a high-energy source, which often leads to complications. Another disadvantage of Photofrin ® is that it is not cleared quickly, leading to post-treatment skin photosensitivity. 69 Most porphyrin derivatives can be activated by using red light (~630-680 nm), but photons of this wavelength do not penetrate tissue beyond a few millimeters. Therefore, this type of PS is only suitable for superficial tumors, or tumors that can be reached via endoscopic or fiber optic procedures. Consequently, many researchers have developed nanomaterials that can convert high energy photons to UV/visible light that can activate porphyrins at the strong absorption band (~ 400 nm).
General Photosensitizer Loading Strategies
Porous Silica Encapsulation-Mesoporous silica nanoparticles (MSNs) are widly used as nanocarriers for drug delivery 70 due to their intrinsic porous structure and outstanding biocompatibility, which are both beneficial for PS loading. Due to its porous nature, MSN coatings have also been found to have a superior efficiency of energy transfer. 14 Moreover, the large surface area of MSN also facilitates the multiple PS loading for enhanced PDT. However, this technique is more suitable for cationic, hydrophilic PS loading due to the negatively charged silica matrix (Scheme 3). Unfortunately, there is also a high chance of hydrophilic PS leakage out of the uncapped pores during systemic circulation, which could lead to undesired phototoxicity.
Physical Loading-Physical loading of PSs to NPs can be achieved based on either electrostatic adherence 71 or hydrophobic interaction. 72, 73 The electrostatic adherence method is accomplished through utilizing the interactions between opposing charged components, such as charged nanoparticles and ionized PSs. However, this approach requires tedious modification processes which usually result in an unexpected decrease in 1 O 2 generation and quantum yield. A more efficient way of physical loading is utilizing hydrophobic interactions between NPs and PSs. In general, NPs are coated in oil solvents containing hydrophobic alkane chains (such as oleic acid or trioctylphosphine oxide), then wrapped in an aqueous phase with hydrophilic polymers such as polyethylenimine (PEI), polyethylene glycol (PEG), chitosan, cyclodextrin, or tween-20. A hydrophobic layer is created beneath the hydrophilic surface to adsorb PSs on the NPs via a hydrophobic interaction, leaving the outer shell for water solubility purposes (Scheme 3). This method allows for a high PS loading capacity and keeps the PS in close proximity with the NPs to ensure efficient energy transfer. However, too much PS loading does not always guarantee a better PDT performance since the high PS concentrations could form aggregations or dimers (which usually generate much less or no 1 O 2 ). 74 Covalent Conjugation-Due to the complicated physiological microenvironment in vivo, nanocomposites fabricated with the abovementioned approaches usually cannot retain their stability for in vivo applications. To overcome this, a covalent conjugation strategy was proposed. Chemical linkage or covalent conjugation requires the PS to be chemically attached to the NPs surface to avoid the PS's pre-release and off-targeting issues. PSs with active functional groups such as carboxyl groups (-COOH), amino groups (-NH 2 ), or sulfhydryl groups (-SH) can be linked to NP surfaces under certain conditions. Often, an amide coupling reaction is used to conjugate the carboxyl group on the PS to the amine on the NPs (Scheme 3). In addition to being used for the conjugation of the PS, the amino group on NPs allows for the attachment of other targeting moieties such as antibodies, peptides, or small molecules for tumor selectivity. This approach is beneficial in that it offers higher selectivity, more control over PS loading, and control over the distance between the NPs and PS molecule. However, its application is limited to in vitro studies because the PS payload achieved using covalent linkages was usually relatively small. Direct Surface Coating-For optimum and reproducible therapeutic efficiency, it is essential to design a controllable and robust PS coating system. Inorganic PSs such as ZnO or TiO 2 can be directly coated on the NPs surface (Scheme 3) for PDT applications. [75] [76] [77] [78] These nanoconstructs allow for controllable and uniform PS loading on individual NPs and significantly reduce the possibility of PS leakage with greatly enhanced ROS generation.
In general, nanoparticles that are capable of X-ray induced PDT must meet certain requirements. First, good overlapping of the NP emission spectra with the PS's absorption profile is required to ensure the activation efficiency of PS and 1 O 2 production. This can be achieved by using suitable doping strategies as well as controlling the NP size. Second, NPs should have a high luminescence efficacy once they are irradiated by X-ray or other radiation forms. Moreover, the NPs must be synthetically accessible and easily attached to PSs. Finally, the nanosystem must be water-soluble, non-toxic, and stable in biological environments.
Rare Earth Elements-Based Nanoparticles
Conventional radiation therapy combats cancer by using high doses of radiation to damage cancer cells, which is also harmful to normal cells due to the non-targeted nature of the therapy. The integration of conventional radiation therapy with PDT could potentially achieve a better outcome by lowering the necessary radiation doses. To begin to achieve this goal, X-ray activatable NPs were first reported by Chen and co-workers in 2006. 29 The authors used scintillating NPs to deliver PSs (i.e. porphyrins) to the treatment site in vivo.
The NPs transduced the absorbed X-ray light to activate the PSs, resulting in the production of 1 O 2 for killing the cancer cells. Rare earth elements-based nanoparticles, such as BaFBr:Eu 2+ , BaFBr:Mn 2+ , LaF 3 :Ce 3+ , and LaF 3 :Tb 3+ , have been reported to persistently luminescence when exposed to X-rays. 79 Interestingly, at a higher ambient temperature, i.e. in vivo, the "afterglow" period (the period of persistent luminescence) is increased.
Porphyrins are known to have a strong absorption peak at around 400 nm (termed the Soret band) and other weak absorption peaks at around 600-800 (termed the Q-band). Thus, excitation at the Soret band would give much higher efficiency in 1 O 2 generation. However, excitation in the UV/blue light range limits the clinical application of PDT as this light has much shorter penetration depth in tissues when compared with red light. In order for excitation to occur at the stronger absorbing Soret band of porphyrins, scintillating NPs were used as an internal energy source. These NPs can emit luminescence in the visible region (peaking at 400, 500 and 650 nm) upon exposure to X-rays, making it possible for the porphyrins to be activated at both the Soret band and Q-band for even more efficient PDT. 29, 79 For example, fluorescence quenching techniques were used to demonstrate the energy transfer process of hydrophilic LaF 3 :Tb 3+ NPs to the conjugated meso-tetra(4-carboxyphenyl)porphyrin (mTCP) upon X-ray irradiation. 80 The results showed the LaF 3 :Tb 3+ -mTCP nanocomposites could be activated by X-rays at a reasonably lower dose (250 keV, 0.44 G/min for 30 min) than the regular radiation therapy (high energy X-rays with MeV energies are used). 81 In an attempt to improve cancer targeting, the LaF 3 :Tb 3+ -mTCP system was conjugated to folic acid, and the results confirmed that folic acid conjugation NPs had no effect on 1 O 2 generation. Neither in vitro nor in vivo studies of this system have been reported so far.
In another study, Ce 3+ -doped lanthanum(III) fluoride (LaF 3 :Ce 3+ ) NPs were encapsulated in poly-lactic-co-glycolic acid (PLGA) microspheres along with protoporphyrin IX (PPIX). 73 Under X-ray irradiation (90 kV), energy was transferred from the LaF 3 :Ce 3+ /DMSO NPs to the PPIX producing 1 O 2 that damaged prostate cancer cells (PC-3). The LaF 3 :Ce 3+ /DMSO NPs were found to have a strong emission peak at approximately 520 nm that overlapped well with one of the weak absorption bands of PPIX. However, the Soret band was not excited in this system. Lanthanide-doped fluoride/oxide nanoparticles such as LaF 3 :Tb 3+ /Ce 3+ or Tb 2 O 3 are often used as X-ray energy acceptors. Although the amount of 1 O 2 produced by scintillating NP-PS systems upon X-ray irradiation is several times higher than the amount from PSs alone, X-ray excited PDT is still not as efficient as conventional PDT. One potential mechanism could be because the effectiveness of PDT relies on efficient energy transfer, where better spectrum overlapping usually shows an improved PDT effect. Moreover, the postmodification processes could compromise the PDT efficacy.
Mesoporous LaF 3 :Tb 3+ ScNPs encapsulated with a water-soluble PS (Rose Bengal [RB]) were prepared to enhance the Förster Resonance Energy Transfer (FRET) process. 82 The NPs were prepared by a facile hydrothermal process without using a catalyst, surfactant, or template. The optimized NPs can emit strong green luminescence under both UV light and X-ray excitation. RB was simply attached to the nanosystem via a pore loading strategy (Figure 2a and 2b) , which holds several advantages, including (i) a well definite nanostructure, (ii) spectrum overlap between the NP's emission band at 544 nm and RB's major absorption at 549 nm (Figure 2d ), (iii) optimized scintillating luminescence, (iv) a simple drug loading approach, (v) high FRET efficiency, (vi) good water solubility, and (vii) ultra-colloidal stability. The ratio of Tb 3+ doping affected luminescence intensity at 544 nm under UV and X-ray stimulation of the mesoporous LaF 3 :Tb 3+ ScNPs (Figure 2c) . Energy transfer efficiency was found to be as high as 85%, which was analyzed by steady state spectra and fluorescence delay dynamic analysis. 1 O 2 generation from these ScNPs was also enhanced when compared to free RB (Figure 2e ).
In another study, multifunctional LaF 3 :Tb 3+ -RB nanoscintillations were coated with homogenous layers of silica with a tunable shell thickness and covalently bound with Rose Bengal for tumor diagnosis. 83 The nanocomposites had a uniform size, high colloidal stability, high luminescence efficiency, photostability, and biocompatibility. Furthermore, the X-ray attenuation ability was measured and in vivo X-ray imaging was performed on a tumor-bearing mouse. The signal intensity in the tumor was found to be greatly enhanced after intratumor injection. The X-ray attenuation power was determined to be better than the clinical CT contrast agent, Ultravist ® 300, which makes the nanoscintillations an ideal contrast agent to be engaged in deep-seated tumor diagnosis (CT imaging) and therapy (PDT). Although promising, more studies are needed to further validate the PDT effects of LaF 3 :Tb 3+ -RB nanoscintillating system under X-ray irradiation.
Gadolinium oxysulfide doped with terbium (i.e. Gd 2 O 2 S:Tb, size: ~20 microns) was reported as an indirect activator of Photofrin II (Photo II) upon X-ray excitation. 84 The Gd 2 O 2 S:Tb phosphor has been widely used in radiographic intensifying screens (scintillating screens) in medical imaging systems, such as X-ray fluoroscopy, X-ray Computed Tomography (X-CT), Single Photon Emission Computed Tomography (SPECT), and Positron Emission Tomography (PET), due to its high absorption of X-ray energy and high conversion efficiency into visible light. 85 In one study, the nanoscintillating system was co-incubated with Photo II to study its PDT effect upon X-ray irradiation in vitro. By using 120 kVp diagnostic X-rays, metabolic activities of human glioblastoma cells were found to be suppressed dramatically. Interestingly, the NPs alone (without Photofrin) protected the cells against X-ray irradiation. Since the NPs did not covalently conjugate with PS, the energy transfer efficiency could be restricted. An enhanced PDT efficacy could be expected when conjugating Photofrin II to the surface of Gd 2 O 2 S:Tb NPs to minimize the energy transfer distance. Unfortunately, in vivo X-ray induced PDT data has yet to be reported. Another gadolinium-based X-ray transducer NP has been reported as a liponanoparticle construct. 87 In this study, GdEuC12 micelles were integrated with hyperricin (Hyp) photosensitizer. GdEuC12 micelles alone had emission peaks at 595 and 618 nm, corresponding to Eu emission characteristics. The peak at 618 nm nicely overlapped the absorption peak of Hyp, implying that an efficient energy transfer from the lanthanide to PS could be achieved. Surprisingly, it was found that the micelle-PS system is localized in the nucleus, mostly in the nucleoli, of HeLa cells while the cells treated with hypericin alone showed fluorescence surrounding the nucleus. The idea of using micelles for this purpose has advantages, specifically in regard to drug loading, internalization, and nuclear localization. Nuclear localization was of particular interest because it was claimed that the cell nucleus is a more sensitive site for 1 O 2 damage than other cell organelles. 88 In addition, some PSs might concentrate near the cell nucleus 89 and bind to nucleic acids. 90, 91 Proximity of PSs within 20 nm of the nucleus corresponds to an average intracellular diffusion distance of the 1 O 2 produced during PDT, which results in enhanced toxicity to the tumor cells by induction of apoptosis or necrosis. 89, 92 This study demonstrates that efforts have been made to increase PS delivery to the cell nucleus due to the previously mentioned specific advantages. [93] [94] [95] [96] Another example of nuclear targeting was reported using nuclear targeted peptide (HIV-1 TAT) conjugated to a nanoscintillator. 97 Commercially available yttrium oxide (Y 2 O 3 ) NPs were decorated with 2-chloroethylphosphonic acid (2-CEP) ligands that can form thioether linkages to the cell-penetrating and nuclear targeting HIV-1 TAT peptide (which bounds to psoralen). It was thought that Y 2 O 3 nanoscintillators would absorb the X-ray photons then emit UVA light, which would induce the cross-linking of free psoralen to adenine and thymine residues in DNA (Figure 3) . The crosslinking would then cause apoptosis in vitro and immunogenic response in vivo. [98] [99] [100] The results of the study showed a slight but significant dose-dependent reduction trend in the growth of PC-3 prostate cancer cells with 2 Gy of 160 kVp or 320 kVp X-rays compared to cells containing psoralen-free Y 2 O 3 nanoscintillators. Although using HIV-1 TAT peptides for targeting the nucleus is compelling, it would be even more useful if psoralen could continue the process without 1 O 2 generation. A drug-peptide nanoconjugate with that particular characteristic would present itself as an ideal agent for treating deep-seated tumors in hypoxic environments.
Recently, lanthanide-doped nanoparticles, SrAl 2 O 4 :Eu 2+ , were reported to convert X-ray photons to visible light that match the excitation wavelength of the merocyanine 540 (MC540) photosensitizer. 101 Remarkably, a single low X-ray dose (0.5 Gy) was sufficient to cause damage to the cancer cells both in vitro and in vivo. Moreover, this nanomaterial could reduce tumor growth rate in U87MG xenograft models without damaging the normal tissues. The SrAl 2 O 4 :Eu 2+ nanoscintillator was further found to be highly hydrolytic, and could be reduced to low-toxic ions and competently cleared from the body within two weeks.
The combination of a nanoscintillator and a semiconductor was introduced as a strategy for synchronous radiotherapy and ionizing-radiation-induced deep PDT with diminished oxygen dependence. 102 Ce 3+ -doped LiYF 4 NPs (also considered ScNPs) were prepared as nanoconverters (X-rays to UV) after coating ZnO semiconductor NPs via metal-sulfur bonds (Figure 4a ). Under X-ray irradiation, the SCNP core emitted low energy that matches the band gap of the semiconductor to generate hydroxyl radicals. The hydroxyl radical (•OH) dervied from the interaction between the hole (h + ) and water (not O 2 molecule) reduced the oxygen-tension dependency for the generation of the reactive oxygen species (Figure 4b) . TEM images showed high uniformity and sharp particle size distribution with an average diameter of 33.8 nm of SZNP (Figure 4c-h ). The chemical composition was further confirmed through a corresponding element mapping study (Figure 4i ). The capability of this system was evaluated in live cells and in vivo. After exposing HeLa cells to X-rays (3 Gy), the normoxic (21% O 2 ) cells showed higher ROS generation than the hypoxic (2% O 2 ) cells. Furthermore, HeLa tumor bearing mice were treated with the nanoscintillator followed by X-ray irradiation (8 Gy). By Day 15 post-treatment, the tumor was almost completely eradicated after using this method, as seen in Figure 4j . However, there is still room for further optimization of the in vivo active tumor targeting efficacy of these fascinating nanoparticles.
Recently, cerium trifluoride (CeF 3 ) NPs were found to act as an efficient scintillator and were shown to emit visible light upon X-or γ-ray irradiation. 103 To demonstrate 1 O 2 generation upon X-ray excitation, the NPs were conjugated with verteporfin (VP), a PS that predominantly undergoes the type II PDT mechanism. The SOSG was used as a probe to detect 1 O 2 since it is highly specific for 1 O 2 as compared to other ROS. 104 By using 8 keV X-ray irradiation, the 1 O 2 quantum yield was determined to be 0.79 ± 0.05 for the conjugate with 31 molecules of VP per CeF 3 NP. In addition, the 1 O 2 generation was estimated to be comparable to cytotoxic doses of O 2 per cell for PDT using light activation when a therapeutic dose of 60 Gy at 6 MeV (high energy) and 30 keV (low energy) was used. Although the cell viability was reported to be reduced when 6 MeV radiation energy was employed, the high energy X-rays were still needed, and most of the cells were found to be still alive (> 65 %). These results indicate that the energy transfer between NPs and the PS was not very efficient, which might be due to the electrostatic interaction between NPs and the PS being unstable in the bioenvironment.
Metal-Based Nanoparticles
Similar to lanthanide-based, metal-based nanoscintillators were also introduced as X-ray transducers. In particular, strong X-ray excited luminescence has been observed in ZnO NPs, 75 and UV emission of the ZnO NPs matches well with the UV absorption of most porphyrins. 105 Therefore, the combination of ZnO and PS has been considered to be one of the best candidates for X-ray activated PDT. Chen and co-workers first reported mesotetra(o-amino phenyl) porphyrin (MTAP) conjugated ZnO nanoparticles for PDT treatment of deep cancer. 106 In this study, the energy transfer efficiency from the ZnO NPs to MTAP was found to be as high as 83%. High phototoxicity in a human ovarian carcinoma cell line (NIH:OVCAR-3) was obtained using the ZnO-MTAP systems under UV illumination. Moreover, X-ray activated PDT using this combination is still under investigation.
Interestingly, zinc oxide (ZnO) was also reported as a potent radiosensitizer under X-ray irradiation without attaching it to a PS. 107 The synthesized ZnO/SiO 2 NPs in this study were found to be stable in water and culture media. The radiosensitizing ability of ZnO/SiO 2 was demonstrated in human prostate adenocarcinoma cell lines (LNCaP and Du145). Although ZnO NPs have been demonstrated to be a promising biocompatible material for biomedicinal applications, reports also showed the potential toxicity of ZnO harmonic NPs based on cellular assay studies. 108 Chen and co-workers further reported using zinc-based nanoscintillators for X-ray activated PDT in a follow-up study. 109 In this work, tetrabromorhodamine-123 (TBrRh123) was conjugated to copper and cobalt co-doped ZnS (ZnS:Cu,Co). Results showed the combination had an efficient energy transfer and also displayed a long lasting afterglow, which could be a persistent light source for PDT even when the X-rays were turned off. Compared to the PS alone, this combination exhibited a high light-to-dark toxicity ratio in human prostate cancer cells (PC3).
The copper-cysteamine micro complex (Cu-Cy, size: 5-20 μm) is another type of scintillator material with intrinsic sensitizer characteristics that can produce 1 O 2 under X-ray irradiation. 73 The rate of 1 O 2 production from the Cu-Cy particles was higher than any other known photosensitizer using X-rays. Although the internalization of Cu-Cy particles in MCF-7 cells was found to be low, the materials could still efficiently cause significant damage to cancer cells when activated by X-ray irradiation (2 Gy). Furthermore, the Cu-Cy particles showed tumor destruction in vivo after intratumoral injection and exposure to a higher dose of X-rays (5 Gy). Although Cu-Cy could have a significant impact on deep tumor treatment, further optimization of surface modification, cellular uptake, and tumor active targeting efficacy is needed.
Non-Metal Based Radiosensitizers
SiC/SiO x core/shell nanowires (NW) conjugated with tetra(N-propynyl-4-aminocarbonylphenyl)porphyrin (H 2 TPACPP) via click chemistry were presented as a hybrid nanosystem for X-ray induced PDT. 111 Results showed that the NW-H 2 TPACPP nanosystem could generate 1 O 2 efficiently enough to harm lung adenocarcinoma cells (A549 cells). Upon exposure to 6 MV of X-ray irradiation (2 Gy), the cell population was reduced by 75% after 12 days of treatment. Also, the increase in NW concentrations (100 and 500 mg/mL) together with a higher X-ray dose (6 Gy, single shot), demonstrated that the reduction of the intracellular amount of adenosine triphosphate (ATP) could also be achieved. The authors also claimed that an irradiation time of 20 seconds could be obtained from the experiment, which is significantly shorter than the standard clinical treatment times (40 s with single, 90 s with multiple irradiation fields). However, no evidence from in vivo studies was presented to support this assertion.
Previously, silicon NPs were investigated for their ability to increase ROS yield upon X-ray irradiation. 112 The results confirmed that cytotoxic 1 O 2 was only generated in radiated solutions containing the NPs. The surface of the particles was oxidized to SiO 2, and the luminescence yield decreased with the irradiation dose. It was also found that changes in the surface morphology did not affect the yield of 1 O 2 generation per Gy. It is known that glioma C6 cells are highly resistant to ionizing radiation. Nanoparticles taken by glioma C6 cells showed an enhanced cellular ROS production under X-ray exposure. However, no enhanced cellular ROS generation was observed in the absence of NPs upon X-ray irradiation.
Protoporphyrin IX (PpIX) is known as a potent drug for PDT. Although PpIX has been approved for use in the clinic, its low water solubility and skin accumulation provokes concerns about the side effects of radiation. Recently, Chen et al. modified PpIX by coating it with 3-aminopropyl triethoxysilane (APTES) to improve water solubility and stability. 110 The results indicated that the coating of APTES on PpIX principally increased its water dispersion, stability, and luminescence efficiency, which consequently increased the 1 O 2 production efficacy. The authors were particularly interested in 1 O 2 production directly induced by X-ray irradiation (without a nano-convertor). Interestingly, they found that 1 O 2 could be detected in only the modified PpIX upon X-ray irradiation, implying its potential use in deep cancer treatment. However, the reported results of 1 O 2 production in photosensitizers activated by X-rays are still controversial. [113] [114] [115] 
Quantum Dots
Quantum dots (QDs) have also gained prevalence in their development as photosensitizers. 116, 117 The process of light-activated production of free radicals upon absorption of UV/visible light by a chromophore (such as QDs) can eradicate only surfacetumors due to the limitation of light penetration depth. Recently, QDs such as CdTe or CdSe/ZnS have been reported as X-ray or γ-ray scintillators for imaging applications. 118, 119 The interaction between QDs and X-rays is shown in Scheme 5.
Since X-rays and γ-rays can penetrate much deeper, their combination with QDs could serve as radiosensitizers to treat patients with deep tumors through PDT. Photocatalysts (e.g. TiO 2 ), scintillators (e.g. ZnS:Ag and CeF 3 ), and QDs (e.g. CdTe and CdSe) were chosen to analyze the potential of radiosensitizers induced by X-rays. 120 These materials contain heavy atoms that have large absorption coefficients combined with K-shell absorption edges in the spectrum range of a diagnostic X-ray generator. Generation of ROS under the exposure of polychromatic X-rays was detected as a function of X-ray doses for all materials dispersed in aqueous solution, and the amount varied between the different the solution concentrations. For in vitro studies, HeLa cells were mixed with aqueous solutions dispersed with sensitizing materials (3.0 mg/mL) and exposed to different doses of X-rays. A survival assay was performed immediately after the irradiation. Unfortunately, the results showed only minor therapeutic effects at low X-ray doses. To improve the sensitization effect, bioconjugated CdSe QDs were synthesized. The materials were internalized in the cytoplasm of HeLa cells up to a concentration of 1.0 ng/mL before being exposed to X-rays (up to 5 Gy). Results showed that the cell viability was reduced for the cells with QDs, implying that internalized QDs could serve as a more effective radiosensitizer.
X-rays with energy in the kilovoltage range are frequently used to activate ScNP-PS systems, whereas the megavoltage range beam is commonly used for conventional radiotherapy. There are not many reports on ScNPs that could be excited by higher X-ray doses and still improve the energy transfer efficiency for significant cell killing. To address these critical issues, amine-functionalized, Photofrin-conjugated PEGylated QDs were used as mediators to investigate the energy transfer from MV X-rays. 121 The linear relationship between a number of visible photons generated from QDs excited by 6-MV X-rays and the radiation dose rate was observed. The energy transfer process efficiency reached 100% once the number of conjugated-Photofrin molecules increased. A significant H460 human lung carcinoma cell killing efficacy was perceived from the combined radiation and PDT treatment when compared to radiation alone. These results could be highly useful for clinical applications in the prediction of light dosimetry.
Radionuclide-Activated Photodynamic Therapy Cerenkov Radiation Activating Phototherapy
The use of photons from Cerenkov radiation (CR) has been emerging for optical imaging and activating QDs and fluorophores in vivo. [122] [123] [124] [125] [126] Charged particles, such as β + and β − , generated from radioactive decay can emit visible light in a broad energy range while moving through a dielectric medium at a speed greater than the velocity of light. CR can be used to directly activate the fluorophore/phosphor without any requirements regarding the NPs.
As a proof-of-concept, CR was reported as an internal light source to activate cage compounds in vivo. 126 2-deoxy-2-[ 18 F]fluoro-D-glucose ( 18 FDG), a positron emission tomography (PET) radiotracer, was used as an activating light for uncage luciferin 1-(4,5-dimethoxy-2-nitrophenyl) ethyl ester (DMNP-luciferin) in a breast cancer animal model expressing luciferase (MDA-MB-231-luc-D3H1). Real-time monitoring of the luciferin bioluminescence produced was observed under CR-activated uncaging of substrate (as shown in Figure 5 ).
In traditional PDT, light is given to photosensitive materials to generate 1 O 2 that are toxic to induce cell death. However, the technique only works well when light and oxygen can localize in the treatment site. Recently, Schilefu et. al. conceived a way to deliver light directly to the tumor instead of applying light from an outside source. 76 CR induced by beta particles was used as a light source to activate NPs that act as oxygen-independent photosensitizers. After looking at a number of options, the researchers focused on NPs made of titanium dioxide (TiO 2 ), and used 18 FDG as an activation source. When exposed to light, TiO 2 NPs produce free radicals without requiring oxygen. It was hypothesized that the radioactive fluorine would produce enough CR to activate a photosensitizing agent if it could also be delivered to the same location. In this way, 18 FDG could serve two purposes. First, it would continue its role as a PET imaging isotope; second, it would acquire the function of providing light for phototherapy. To increase the therapeutic efficiency, the investigators also added a drug called titanocene (Tc, an initially approved drug that failed in phase II clinical trials due to an undesirable effect) to the TiO 2 surface. The NPs were further coated with transferrin (Tf) to form TiO 2 -Tf-Tc for specific tumor accumulation. Different formulations of the NPs and cancer drug combined with the 18 FDG light source were tested in mice with human lung tumors (A549) and fibrosarcoma tumors (HT1080), or tumors of the connective tissue. The following combinations were used to test the therapeutic effects: 18 FDG plus the tumor-seeking nanoparticles alone (TiO 2 -Tf), 18 FDG plus the tumor-seeking cancer drug alone (Tc-Tf), and 18 FDG plus the tumor-seeking nanoparticles carrying the cancer drug (TiO 2 -Tf-Tc). When a single dose (1 mg/kg) was injected into the bloodstream with 18 FDG, TiO 2 -Tf-Tc was found to have the most significant treatment effect. Fifteen days after treatment, tumors in the treated mice were eight times smaller than those in untreated mice, and survival increased to 50 days, compared with 30 days for both TiO 2 -Tf and Tf-Tc NP groups ( Figure 6 ). Histological analysis did not reveal significant toxicity in the liver and kidneys after treatment, indicating the absence of systemic toxicity. Overall, this inventive approach opens up the possibility of treating a variety of lesions in a depth-and oxygen-independent manner.
Based on the idea given above, CR could be more powerful if higher energy β emitters are employed, such as yttrium-90 (2,280 keV) or zirconium-89 (909 keV), rather than using either fluorene-18 (633 keV) or copper-64 (574 keV). Additionally, modification of the NP surface could be achieved to increase tumor selectivity, while a combination of NPs and PSs could be used to enhance therapeutic efficacy.
Nanoparticle-Mediated Radioisotope Energy Transfer
Cerenkov luminescence imaging (CLI) offers significant possibilities in clinical translation because many tracers which produce Cerenkov light have already been approved for clinical use. However, CLI is still restricted by its limitations. When compared with conventional fluorescence imaging, Cerenkov luminescence intensity is several orders of magnitude weaker since most of the radiated energy is in γ photons or other emitted particles. Moreover, CR is mainly composed of UV-blue photons, which limit its tissue penetration depth. One promising strategy to improve CLI involves using energy transfer mediators (such as QDs 127, 128 or gold nanoparticles 129 ), which convert CR to a longer wavelength in order to detect deep-seated tumors. This technique is known as Cerenkov radiation energy transfer (CRET). Unfortunately, the energy transfer efficiency might be an issue with this technique and could potentially limit imaging sensitivity in vivo.
To enhance the optical signal and improve the energy activation process, europium oxide (EO) nanoparticles were introduced to convert γ-radiation (a major decay particle) and Cerenkov luminescence (CL, a minor decay particle) into fluorescence. 130 To evaluate this concept, three radioactive tracers were used, 18 F-FDG, 99m Tc-MDP (methylene diphosphonate) and 131 I-NaI. 18 FDG emits γ-radiation (511 keV), β + particles and CL, 99m Tc-MDP only emits γ-ray (140 keV), and 131 I-NaI emits major γ-ray (364 keV). It was found that EO nanoparticles can be excited in the UV-blue range to generate red emission peaking at 620 nm, indicating CL was capable of activating EO. Placing radiotracers in a separate container with EO could also activate the NPs; however, the luminescence intensity depended on the excitation distance. By using different types of radiotracers, it was found that γ-ray was the major excitation source. Although, mixing radiotracers with EO gave different results, which the authors attributed to Compton scattering and the photoelectric effect of γ photons from the optical signals. For further validation of the superior radiotracer-excited fluorescence imaging, the NPs were tested in Bcap-37 (human breast cancer cells) and U87MG (human glioblastoma cells) xenografts in mice. After direct intratumoral injection with EO (0.05 mg) into the Bcap-37 xenografts and tail-vein injection of 18 FDG (800 μCi), γ-ray activated fluorescence provided the best tumor to normal tissue contrast, as compared to Cerenkov luminescence and standard fluorescence imaging modalities. After tail-vein injection with EO (0.1 mg, 24 h prior) and 18 FDG (500 μCi) in the U87MG-xenografted mice, γ-ray activated fluorescence displayed significantly greater signal than CLI with both no filtering and 620-nm filtering, illustrating the passive targeting of the NPs in the tumor tissue. Moreover, no obvious toxicity was observed after four weeks of experiments.
Recently, other lanthanide-based radioluminescent microparticles were also developed as a proof-of-concept study that the materials can be activated by γ-rays emitted from radionuclides rather than CR. 131 Terbium doped Gd 2 O 2 S (Gd 2 O 2 S:Tb) nanomaterials were reported as X-ray nanophosphors and synthesized using complex precipitation methods. 132 In this study, Gd 2 O 2 S:Tb was activated by 18 FDG, resulting in the enhancement of luminescence excited by γ-rays. Although the potential use of this material in luminescence imaging has been well established, the biocompatibility of Gd 2 O 2 S:Tb might be a significant concern for future clinical translation. Other limitations include the short emission wavelength (520-550 nm) and the unidentified tumor-targeting efficacy.
Overall, this internal light activation strategy offers high sensitivity imaging and supports the claim that γ-rays might be a better source for fluorophore excitation than current methods. The technique can also be applied to PDT, since γ-radiation can be an internal light source to activate photosensitizers to generate 1 O 2 for cancer treatment (Scheme 6).
Conclusions and Future Perspectives
PDT offers high selectivity and marginal invasion in cancer treatment. However, the light penetration depth of traditional PDT is still limited. Nanotechnology plays a significant role in developing strategies to treat deep-seated cancer using PDT. The past five years have witnessed rapid growth in using X-rays as the light source for treating deep-seated tumors pre-clinically. Due to the fact that PSs cannot absorb X-rays, ScNPs have been developed as both the nanocarriers and energy transducers for X-ray induced PDT. Rare-earth element based NPs have gained increasing attention in X-ray excited PDT because of their tunable emission wavelengths. Various PSs, e.g. organic dyes and QDs, are options for developing effective PDT agents. Table 1 Summarizes ScNPs that used as X-ray mediators for PDT purposes. A similar summary of NPs for deep-seated PDT using other approaches can be found elsewhere. 12, 13 Once X-rays began to emerge as a powerful external light source for PDT, radioisotopes were also explored as an internal activation source for PDT. This can be beneficial since no exterior light is required, and higher energy and longer half-life radioisotopes would trigger the PDT process more efficiently.
Although tissue penetration depth is not a problem for either modalities (X-ray and radioisotope-activated PDT), there is still room for improving the energy transfer efficiency and 1 O 2 generation rate. Currently, the existing nanosystems for X-ray excited PDT are still not as effective as NIR-excited PDT. This is because the energy transfer from the ScNPs to the PS is quite critical and requires an excellent overlap between the emission peaks of the NPs and the absorption peaks of the PS. Therefore, the development of better nanocomposites for more efficient excitation/photosensitization is necessary.
To achieve this, X-ray ScNPs with a suitable size and strong luminescence are necessary. In general, higher atomic number phosphors have greater radiation stopping power and a higher absorption coefficient for radiation, resulting in a strong luminescence emission. 133, 134 NPs with small diameters are preferable as they have a weak electron-phonon coupling and subsequently exhibit greater luminescence efficiency due to a smaller Stokes shift. 135 Moreover, the distance (<10 nm) between the donor and the acceptor is crucial for efficient energy transfer. In addition, the PS should also have high 1 O 2 quantum yield and photostability.
Biocompatibility and long-term toxicity of nanocomposites need to be well-studied. Plausible toxicity of NPs is mainly from two mechanisms: (i) NPs can enter the body through the skin, lungs, or intestinal tract, deposit in several organs, and may cause adverse biological reactions, and (ii) toxicity can come from components in the material, such as CdSe/CdTe in QDs or rare earth elements (especially Ce, La and Gd) in NPs. 136, 137 Recently, nanotoxicology has appeared as a branch of toxicology for studying the undesirable effects of nanoparticles. 138, 139 Since X-ray excited PDT is expected to be applicable in the clinic, delivering PSs systematically to tumor sites is essential. For this purpose, NPs need to be stable enough to deliver the PS to the tumor and gradually degrade away after therapy. In this case, biodegradable nanomaterials could be a good option to minimize potential toxicity. Systematic safety evaluations of nanomaterials must also be taken into serious consideration alongside the optimization of X-ray doses.
In vivo systematic tumor targeting efficacy is still one of the major challenges for nanoparticles. Although X-ray beams can be focused on the tumor area, it is still difficult to control for the deep-seated tumors. Most NPs target tumors via the EPR effect by taking advantage of the leaky tumor environment and the long-circulation of NPs in the blood stream. Although this can be therapeutically useful in some cases, it also causes prolonged normal tissue exposure to the PS, which can give rise to undesirable toxicity. One possibility to improve tumor targeting efficacy is by targeting tumor vasculature instead of tumor cells since many NPs are too large to be extravasated. 21, [140] [141] [142] [143] [144] Additionally, the compact size and optimized surface features of the NPs are desirable to minimize the uptake by the reticuloendothelial system (RES) and maximize the tumor accumulation rate. 143, 145 Most nanocomposites reported so far for X-ray excited PDT only showed the tumor treatment via intratumoral injection on subcutaneous tumor models. It is relatively easy to produce the tumor models, and intratumoral injection is to ensure that all materials are located at the tumor site. Before clinical translation is possible, studies on orthotopic tumor models are crucial. To achieve this, the nanocomposites must be well-modified and be stable enough for intravenous (iv.) injection, as well as be able to target the tumor at the actual site.
To enhance therapy efficiency, X-ray activated PSs via nanoscintillators can be combined with radiotherapy to treat diseases that are endoscopically inaccessible. Some nanoconstructs that have previously been combined in this manner are synchronous radioand PDT, 102 or chemo-/radio-/PDT. 146 Moreover, the materials that possess high efficiency X-ray scintillation 60, 63 could be good candidates for energy transducers.
Presently, radiotherapy has evolved beyond the capabilities of X-ray technology for these applications. Many external beam radiation treatment (EBRT) methods exist today that allow for higher precision and conformity in the delivered dose distributions. Among these, intensity-modulated radiation therapy (IMRT) and Tomotherapy hold promise to work in conjunction with X-ray excited PDT. By using an excitation technique with higher dose conformity, the therapeutic index of the combined PDT/EBRT may be maximized. The basic premise of IMRT is to modify the intensity of the incoming radiation beam during the treatment. The radiotherapy dose is then altered depending on the thickness of the body tissue. In this case, cancer gets the same dose across the treatment area. It also allows the radiotherapy beam to be shaped more accurately and directed at the cancer while avoiding the surrounding normal tissue. This can be done by blocking the normal tissues using the multileaf collimators (MLCs) of the beam and using multiple linac gantry angles to achieve the desired dose distribution. 147 IMRT may be performed with the traditional linac energies (6MV and 10MV). Similarly, Tomotherapy provides a more conformal dose distribution. In the same way as IMRT, the intensity of the beam is modulated during this treatment as well. However, in this case, the patient moves through the bore of the linac during the treatment, essentially being treated in "slices". 148 Tomotherapy also carries the capability for on-board imaging (using a megavoltage CT scanner) which can help in tumor localization. The nominal energies of the beam in Tomotherapy are 6 MV for the treatment, and 3.5 MV for the imaging capabilities. 149 Overall, nanotechnology has provided excellent opportunities for the treatment of deepseated tumors. X-ray excited PDT is a great concept in oncological treatment, especially since many efforts have been devoted to developing nanomaterials for this therapy. However, there are still challenges to overcome, including finding the best one(s) for clinical translation. This challenge was addressed in this review, as strategies to improve ScNP-PS are suggested. Further discussion and collaboration among scientists, clinicians, engineers, and pharmacists could aid PDT in being an effective treatment modality in oncology.
Moreover, the newly funded Centers of Cancer Nanotechnology Excellence (CCNEs) may play important roles in the future of nanooncology by leading the field and painting the future.
VOCABULARY

Scintillator
a substance that glows when hit by high-energy particles or photons Photosensitizer a compound that can react with light to cause a sensitivity reaction in the substance or organism
Photodynamic therapy
a form of phototherapy using nontoxic light-sensitive compounds that becomes toxic to targeted cells when they are exposed to a certain wavelength of light
Radiation therapy a therapy using ionizing radiation to control or kill cells
Ionizing radiation radiation that carries enough energy to release electrons from atoms or molecules. Gamma rays, X-rays and the higher ultraviolet part of the electromagnetic spectrum are considered ionizing radiation Phosphor a substance that exhibits luminescence when excited by radiation Uncaging reaction of DMNP-luciferin. Luciferin can be released from DMNP-luciferin by irradiation with UV 365 nm or with radiation luminescence generated from 18 FDG. A diagram demonstrating the outcomes when X-rays hit a high-Z substance. it. = intratumoral injection, N/A = not available
